In this paper we apply a model of technological diffusion, Future Technology Transformations in the Transport Sector (FTT: Transport), linked to the E3ME macroeconomic model, to study possible future technological transitions in personal passenger transport in four East Asian countries. We assess how targeted policies could impact on these transitions by defining four scenarios based on policies that aim to reduce emissions from transport. For each country we find that an integrated approach of tax incentives, subsidies, regulations (fuel economy efficiency), kick-start programs and biofuel programs yield the most significant emission reductions because, when combined, they accelerate effectively the diffusion of electric vehicles in the region.
Introduction
As the Intergovernmental Panel on Climate Change 5th Assessment Report (AR5) highlighted, the transportation sector will need to play a key role in climate change mitigation, but will certainly face challenges in doing so [1] . Demand for road transport in East Asian countries, including China, Japan, Korea and Taiwan, has increased rapidly over the last two decades. Vehicle emissions and oil demand growth is driven primarily by growth in the vehicle population, especially private passenger cars. As of 2016, more than 250 million passenger cars were registered in China, Japan, Korea and Taiwan. The number of passenger cars in China increased by a factor of 9 between 2006 and 2016, compared with a per capita GDP increase of only 4.
The demand for crude oil and petroleum by the road transport sector has increased by nearly 60% in China, Japan, Korea and Taiwan since 2004 (IEA Energy Statistics). Passenger cars were found to account for over 50% of the increase [2, 3] in gasoline demand. The dependence on fossil fuels has significant implications on energy security, emissions and climate change.
The use of existing technologies makes it possible to reduce dependency on fossil fuels, decarbonize, and reduce emissions in the passenger car sector. The dynamics generated by the diffusion of new technologies into the market place, and the improvement of existing technologies, determines technological trajectories that are critical to reducing future emissions from passenger vehicles [4] . As stated in the IPCC report [1] , understanding how low-carbon transport and energy technologies will evolve (via experience curves and innovation processes) is not well developed, and assessing this gap remains challenging for the transportation sector.
The successful implementation of policies to reduce greenhouse gas (GHG) emissions from passenger cars is particularly challenging because of the dynamics of technological transition and consumer behavior. To design efficient policy instruments, knowledge of the mechanisms that facilitate the diffusion of new car technologies is needed. It is important to determine the relationship between policy instruments and the rate of adoption for low or zero-emission vehicles.
Previous studies that have assessed the effectiveness of policy incentives in reducing emissions from passenger vehicles have typically focused on a single country or region in Asia (e.g., [5] [6] [7] [8] ). These studies have looked at the effectiveness of taxation schemes (vehicle taxes, carbon taxes) and regulations (fuel economy standards) in shaping the diffusion of energy-efficient vehicles. We argue that there are two major gaps in existing studies:
(1) Most existing studies and Integrated Assessment Models (IAMs) feature only a small number of policy instruments, applied to individual East Asian countries (e.g., [5, 9] ). It is not possible for these studies to study and compare the effectiveness of a range of policy instruments across countries. ( 2) The existing studies have either taken one particular representative car model or used a representative agent to examine the response of agents to a set of policy incentives. In the real world, consumers are diverse and do not respond to policy incentives collectively.
In this paper we use a model of technological diffusion, the FTT: Transport [10] , linked to the E3ME macroeconomic model, to study possible future technological transitions in personal transport in East Asia. Our analysis covers China, Japan, Korea and Taiwan and includes a range of policy incentives. In contrast to other IAMs, the E3ME-FTT model considers consumer heterogeneity in the car market and enables the simulation of detailed climate policies in private road transportation [10] .
We consider four policy scenarios, each with a layer of specific policy incentives for the four East Asian countries, to find a set of policy incentives that will lead to the diffusion of new energy vehicles (NEVs) and significant emission reductions from private passenger vehicles.
The paper is structured as follows. Section 2 discusses the current policy framework for reducing emissions in the passenger car sector in China, Japan, Korea and Taiwan. The theoretical framework of the E3ME-FTT model is discussed in Section 3 and the policy assumptions are summarized in Section 4. Section 5 provides an overview to the data used for the analysis. Section 6 presents the results for the scenario analysis and the policy implications for the East Asian countries. Sections 7 and 8 provide overall conclusions and discuss the limitations of the model, along with recommendations for future work.
Policy Context
This section summarizes the main policies that have been implemented in East Asia to limit emissions from personal transport. First, Table 1 provides an overview of fuel economy standards around the world. The following sections then discuss each East Asian country individually. 
China
Due to China's rapid economic growth, demand for private passenger vehicles has grown rapidly. From 1991 to 2015, total annual vehicle production grew from around 700,000 units to 24 million units. Annual sales of passenger cars have grown by more than 20 times since 1990. By the end of 2015, there were more than 116 million cars on the road in China. However, in terms of passenger cars per 1000 people, China was measured at 154 cars in 2016 (http://www.mep.gov.cn/gkml/hbb/qt/ 201706/t20170603_415265.htm), which is still much lower than the USA, so the potential for future growth remains large.
At the national level, to reduce its dependency on foreign oil and to encourage more fuel-efficient vehicle technologies, the passenger vehicle market has been subject to fuel economy standards since 2004. Fuel economy limits for passenger cars are divided into 16 categories that are based on vehicle weight. The Phase I and Phase II standards require each individual vehicle model to comply with fuel consumption regulations before entering the market. The standards are set based on weight classes. China continues to reduce the fuel consumption limit and Phase IV fuel consumption standards for passenger vehicles are currently under development. In 2014, the Chinese Ministry of Industry and Information Technology (MIIT) released a fuel consumption standard for passenger cars. Compared to the Phase III standard, the new consumption standard would fall to 5 l/100 km, representing an overall reduction in fuel consumption of 28% between 2015 and 2020. The proposed fuel economy standard is presented in Table 1 .
Electric Vehicles (EVs) offer opportunities to address oil security, local pollution and GHG emissions simultaneously; EV deployment is taken by the central government as an essential strategy to tackle local pollution. China launched the EV Subsidy Scheme (EVSS) in 2009, followed by an update in 2013. Under Phase I EVSS, subsidies for the private purchase of plug-in hybrid electric vehicles (PHEVs) and battery electric vehicle (BEVs) are based on battery capacity, with a subsidy rate of 3000 RMB/kWh (Hao, 2014). Under Phase II, subsidies for the private purchase to PHEVs and BEVs are based on the vehicle's electric range. Vehicles with electric ranges of 250 km or higher, of 150-250 km, and of 80-150 km are qualified for 60,000 RMB (9520 USD), 50,000 RMB (7930 USD), and 35,000 RMB (5550 USD) in subsidies, respectively (Hao, 2014). Table 2 presents China's Phase 1 and Phase 2 Electric Vehicles (EV) Subsidy Scheme (EVSS). Environmentally-friendly and energy-efficient vehicles, including plug-in hybrid electric vehicles (PHEVs) and battery electric vehicles (BEVs), are exempt from vehicle excise duty and annual registration tax. Before 2010, car excise duty rates were based on engine size; with small engine cars enjoying a lower tax rate. After 2010, the excise duty was 10% before value-added-tax (17%) price regardless of car engine sizes. Registration tax was paid annually based on engine size and as established by individual provinces or cities.
In 2009, the Chinese government initiated the Ten Cities, Thousand Vehicles Program to stimulate electric vehicle development through large-scale pilots in ten cities. Initially, the program targeted the deployment of electric vehicles in government fleets. The program has since expanded to 25 cities and includes consumer incentives in six cities: Beijing, Shanghai, Hangzhou, Hefei, Changchun and Shenzhen [11] . Under this program, local authorities must increase the number of EVs on the road by either purchasing EVs themselves or introducing a rebate/subsidy for EV purchases. The program aims to kick-start demand for EVs.
The sales of EVs and PHEVs increased from 8000 units in 2011 to 330,000 units in 2015. Table 3 shows the change in EV and PHEV shares in China over this period. China had the largest share of global EV and PHEV sales in the world (33%) in 2015. China is targeting a domestic share of 20% NEV sales (2 million) by 2025 (http://www.reuters.com/article/us-china-autos-electric-idUSKBN17R086). The Chinese government has also announced that companies which sell cars in China will have a duty to sell a certain share of NEVs. In 2017, China's MIIT proposed a production quota under which automakers will have to produce NEVs to earn credits and avoid penalties. According to MIIT, in 2019 automakers that sell 30,000 cars or more annually must earn points equivalent to a 10% share of NEVs, rising to 12% in 2020. 
Japan
Japan is the third largest auto manufacturing market, and Japanese automakers account for the majority of global hybrid cars and electric cars sales (http://www.theicct.org/blogs/staff/hybridsbreak-through-japan-auto-market). Toyota is the largest Japanese car manufacturer, holding around 43% market share; Nissan and Honda are the second and third largest, with 17% and 15% shares respectively. More than 90% of the cars sold in Japan are Japanese [12] . Under the Paris Agreement, the Japanese government pledged to reduce its national GHG emissions by 26% from 2013 levels by 2030. Japan has one of the most energy-efficient economies in the world and its transportation sector is also among the most efficient. Table 4 shows the market shares of next-generation vehicles in Japan. Sales of next-generation passenger cars have expanded to more than 20% share of Japan's new passenger car market because of the Japanese government's tax incentives and purchasing subsidies programs on them. The share of NEVs in Japan's fleet remains relatively small but is growing quickly. Japan was one of the first countries to engage in research and policies for energy-efficient products. In 1998, Japan initiated the Top Runner Approach to encourage energy efficiency in end-use products. The scope of the program has since been reviewed every few years; by 2012, 23 products were included. The program has set mandatory efficiency standards or target values for automobiles that are based on the most efficient products. As part of the Energy Conservation Law, the program identified the most fuel-efficient automobile in each weight class and designated it as the 'top runner'. The program set mandatory efficiency standards or target values for automobiles based on the most efficient standard products. All vehicles were required to exceed the new target values for their weight class within 3-10 years.
As a result of the Japanese top runner program, Japanese fuel economy for the new vehicles has improved significantly over the past 20 years. Overall, fuel economy has improved by more than 80% since 1995, and it has averaged a 6% annual improvement over the past five years [13] .
There are nine different taxes for owning cars in Japan, including: acquisition tax, consumption tax, tonnage tax, automobile tax, mini-vehicle tax, gasoline tax, diesel tax, Liquefied Petroleum Gas (LPG) tax, and in use consumption tax [14] . Tax breaks are available for three automobile taxes: acquisition, tonnage, and ownership. Tax breaks are determined by the levels of compliance with the 2015 Japan Fuel Economy Standards (FES). Zero emissions vehicles are exempt from both the acquisition tax and the tonnage tax. Cars that are compliant with the 2015 FES enjoy up to 80% reductions in acquisition tax and 75% reductions in automobile tonnage tax [14] .
Korea
The transportation sector accounts for about 20% of greenhouse gas emissions in South Korea and is the country's second largest emitter, trailing only the industrial sector. Within the transportation sector, road transport dominates with an emissions share of over 80%. Thus, reducing transportation's impact on the environment should require transforming the current automobile-based transport system into a more energy-efficient, low-carbon and eco-friendly one. Sustainable development in transportation has also been a major concern for Korea. Both vehicle ownership and transport demand have increased substantially during the past two decades. As a result, energy consumption has increased rapidly, and vehicles have become the major source of urban air and noise pollution in many Korean cities. Current growth rates shows no sign of subsiding.
One characteristic of automobile markets is that the demand for diesel cars has been increasing in the car market. Diesel vehicles, especially imported diesel cars, have dominated in the green car (environmentally-friendly car) market. The share of diesel in imported vehicles increased from 16.4% in 2007 to 68.2% in 2014. SUVs and MPVs led the sales of domestically produced diesel. Sedans have been popular, but SUV demand has been increasing in the imported diesel market.
Meanwhile, sales of hybrid vehicles have been increasing continuously. Hybrid vehicles are competing with diesel vehicles in the domestic market. However, imported hybrid car sales have been sluggish. Regarding EVs, prices have been falling and government subsidies have been increasing. For example, Kia automobile company cut its Ray EV price from 45 million Won (41,850 USD) to 35 million Won (32,550 USD). Local governments have also provided subsidies to EV buyers. In particular, Jeju special self-governing province has subsidized 8 million Won (7440 USD). The actual purchasing price was 19.5 million Won (18,135 USD) before tax. However, the lack of central government purchasing subsidy has hindered sales. For EVs to achieve a larger market share, there is also a requirement to expand charging infrastructure throughout Korea.
The key challenges for a low-carbon transition in the transportation sector in Korea may be summarized as follows:
(1) Substituting fossil fuel cars with EVs requires a reduction in the cost of batteries (which depend on international technology actions) and building a nationwide charging infrastructure. Bicycles are used extensively in many European and Asian cities, but their modal share in Korean cities is minimal due to limited infrastructure and low public reception. Bicycles should be promoted for short distance commuting by providing adequate infrastructure and by increasing safety.
Taiwan
Despite not being a member of the United Nations, Taiwan proposed its goal of CO 2 emission reduction as its Intended Nationally Determined Contribution (INDC) after the U.N. Framework Convention on Climate Change (UNFCCC) Conference of the Parties (COP21) in Paris in 2015. Taiwan pledged a 50% reduction in emissions compared to the level of 2005 by 2050. The transportation sector is a major contributor to greenhouse gas emissions in Taiwan (about 15% of Taiwan's total emissions) and it is also a major source of local air pollution, such as PM 2.5 .
In Taiwan, all vehicles put into the market must comply with the standards of energy consumption, which are categorized by vehicle engine size. In addition, all vehicles must declare their ranking in the energy labelling system: Class 1 to Class 5, as the reference of energy efficiencies for the general public and potential customers.
To encourage the purchase of green vehicles, there are several incentive programs offered by different governmental agencies. The financial incentives include the exemption of excise tax on all electric vehicles until the end of 2021 and the exemption of registration tax on all electric vehicles until the end of 2018. For hybrid cars, the excise tax was deducted by 50% from February 2009 to December 2014. There are also direct subsidies offered for purchasing electric motorcycles, electric-assisted bicycles and electric bicycles. The subsidies range from 1000 NTD to 10,000 NTD (30 USD to 330 USD).
In addition to the direct incentives to reduce greenhouse gas emissions from vehicles, the excise tax is deducted. In addition, 50,000 NTD, approximately equivalent to 1700 USD, is provided for each new passenger car that leads to the retirement of an older car owned by the same family, regardless of the fuel type of the new vehicle. For motorcycles, the deduction of the excise tax is 4000 NTD, or 130 USD in this program. Additional subsidies, 3000 NTD to 7000 NTD (100 USD to 230 USD), are provided for new motorcycles that are purchased to replace old motorcycles that are equipped with two-stroke engines.
For most cases, the incentives have been extended beyond their scheduled deadlines, except for the case of hybrid cars that was terminated in 2014. The termination of the 50% excise tax reduction was a key factor in the drop in sales of hybrid cars (which are mostly imported), from 17,788 in 2014 to 8341 in 2015.
Methodology

Theoretical Background
The Future Technology Transformation (FTT) model is a framework that models technological diffusion dynamically, based on market price competition and technological competition. Prior to the development of the Transport model, FTT was developed to assess decision making by investors in power generation technology [15] . More recently, an FTT model of household heating technologies was developed and efforts to build FTT models of the industrial sector are ongoing. As a member of the FTT framework, the FTT: Transport model aims to model technology diffusion dynamically in the transport sector, based on a decision-making module that represents the choices of a diverse group of agents that face restricted information and access to technology for consumers.
Instead of taking a representative agent approach, the FTT: Transport model assumes the presence of a diverse market with heterogeneous agents. This is done using a probabilistic treatment of consumer decision making using a distribution of cost values. We assume that the cost distribution corresponds to the heterogeneity of consumer choices as a result of revealed preferences. The cost distributions are related to whether the consumers are early adopters, early majority, late majority or laggards, which drives the adoption and diffusion of technology as suggested by [15] . Agent heterogeneity and consumer choice are represented by introducing cost distribution over agent perspective with the discrete choice theory.
As a result of increasing returns to adoption [16] , a technology can gain increased market share as more consumers adopt and use it for the following reasons. Firstly, people make choices according to what is fashionable or in vogue. For example, people like to behave in a 'socially desirable way' and may purchase low emissions vehicles to boost their image in their own social groups [17] . Secondly, many studies find that consumers have a 'wait and see' attitude [18] in choosing new technologies, in particular new automobile technologies. This is because consumers are risk averse and EVs present uncertainty (e.g., range anxiety, availability of charging stations) when users are inexperienced. Thirdly, consumers may have a particular preference towards one range of car model (e.g., brand, engine size, style). If their preferences are not satisfied with the available EV models, the technology (e.g., EV) will not match the preference for this group of consumers. When EVs become more popular with consumers, this encourages the manufacturers to boost the number of EV models available, which will further boost EV sales. As we will discuss in the next section, the FTT framework captures path dependence and positive feedback effects in the diffusion process.
The following sections present an overview of the E3ME-FTT: Transport model. The values for the initial parameters are presented in the Appendix A.
Structure of FTT: Transportation
The FTT framework models technological diffusion by a set of logistic differential equations of the Lotka-Volterra family (The Lotka Volterra equations are a model of the population dynamics of species competing for common resources (Lotka, 1925; Volterra, 1939)), which represent gradual technological substitution processes [19] .
Under the FTT framework, consumers are more likely to choose a technology that has a higher market share as a result of social influence. The flow of market shares from technology j to technology i is
and the flow of market shares from technology i to technology j is
where ∆S j→i denotes the flow of shares from car technology j to i, F i ∆C ij denotes the fraction of agents that prefer technology i over j based on the difference in generalized cost of technologies i and technology j, τ is the turnover rate for cars. The cost of technologies includes the car capital cost, fuel cost, maintenance cost and fiscal pricing (tax/subsidies), and an intangible variable that determines the non-quantifiable cost for the consumers. The diffusion processes are path dependent and involve positive feedbacks that are captured by the FTT framework. The FTT models of technological diffusion are consistent with social influence theory. It is assumed that decisions are recursive and self-reinforcing by assuming that social trends play an important role in the diffusion of technology. In other words, if a group of consumers purchase a new technology through social influence, it is more likely that people around this group of consumers will follow, leading to path dependence for a technology.
The technological diffusion rate is proportional to a comparison of cost distributions, equivalent to a binary logit model. In addition to quantifiable costs (e.g., capital cost, fuel tax), the model considers the non-quantifiable costs on consumer choices (e.g., comfort, luxury effect) by an arbitrary factor that is added to the quantifiable costs. A learning rate is incorporated to take into account the falling cost as production of the technology increases. Difference in the cost distribution is one of the key factors in facilitating future technological diffusion. It is assumed that cost distribution corresponds to the population heterogeneity, driving technological diffusion through comparison of cost distribution.
The Levelized Cost of Transportation (LCOT)
The cost of the vehicle, as perceived by the investor purchasing a vehicle or unit of transport technology, must be taken to include all components relevant to the decision making. Many of the components can be easily quantified with available data. Others are not straightforward, and we show how this is done in Section 3.3.1. When a vehicle is purchased, an initial investment is made, or a loan is obtained, for the capital cost, and henceforth fuel and maintenance costs are incurred for the lifetime of the technology, in addition to taxation.
Following this, the Levelized Cost of Transport (LCOT) after the introduction of policies is defined as
where,
• VT i is a registration vehicle tax, in $/vehicle, paid at purchase time,
. The Generalized Cost as a Comparison Measure
The costs of transportation are not the only elements of consumer decisions when purchasing a vehicle. Other aspects such as infrastructure and car range are valued by the consumer, but we cannot obtain this information without a large-scale field survey or survey on the existing literature. We keep in mind that technologies have highly different pecuniary costs, particularly across engine size classes and, despite this, higher costs can be compensated by higher benefits, such that higher cost luxury vehicles maintain market shares.
Were we to simulate technology diffusion based on bare LCOT distribution comparisons, the lowest LCOT technologies would diffuse more successfully, which, as it turns out, is not consistent with our historical data. Clearly, components would be missing in the LCOT, for instance comfort, acceleration, style, that we may call the 'intangibles'. We define these 'intangibles' for this model as the difference between the generalized cost, which leads to observed diffusion, and the LCOT as calculated from pecuniary vehicle properties for which we have data. The value of the intangibles, denoted γ i , is an empirical parameter that we obtain from making the FTT diffusion trajectory match the trajectory observed in our historical data, at the year of the start of the simulation.
Taking into account the intangibles, we assume that the choice of investors is made based on pairwise comparisons general cost (C i ). For consistency with the data, we compare costs in lognormal space with a mean and a standard deviation with the following transformations:
The Determination of Intangibles (γ)
The technological diffusion rate is proportional to a comparison of cost distributions, equivalent to a binary logit model. In additional to quantifiable costs (e.g., capital cost, fuel tax), the model considers the non-quantifiable costs (γ) on consumer choices (e.g., comfort, luxury effect) by an arbitrary factor that is added to the quantifiable costs. γ is a parameter that represents all unknown constant non-pecuniary cost components (i.e., all costs and benefits not already explicitly included). This parameter has the unique value set that makes the diffusion rate continuous across the transition from historical data to simulated data at the start of the simulation (i.e., keeping the existing diffusion trends). To illustrate this, when γ i = 0, we obtain a rate of diffusion that does not normally match historical diffusion (see Figure 1 ). This is because several factors such as comfort, luxurious effect and the availability of infrastructure cannot be readily quantified without a large-scale survey. Therefore, we find a set of γ i leads to the diffusion of technology in the simulation to have the same rate as the historical rate at the starting point of the simulation (Figure 1 ).
Although it does not provide significant information on the non-pecuniary benefits themselves, it is in this way a robust methodology. We perform an exercise that determines that sensitivity of our simulation results to the variation of γ (see the sensitivity analysis in Appendix C of this paper). Were we to simulate technology diffusion based on bare LCOT distribution comparisons, the lowest LCOT technologies would diffuse more successfully, which, as it turns out, is not consistent with our historical data. Clearly, components would be missing in the LCOT, for instance comfort, acceleration, style, that we may call the 'intangibles'. We define these 'intangibles' for this model as the difference between the generalized cost, which leads to observed diffusion, and the LCOT as calculated from pecuniary vehicle properties for which we have data. The value of the intangibles, denoted γi, is an empirical parameter that we obtain from making the FTT diffusion trajectory match the trajectory observed in our historical data, at the year of the start of the simulation.
Taking into account the intangibles, we assume that the choice of investors is made based on pairwise comparisons general cost (Ci). For consistency with the data, we compare costs in lognormal space with a mean and a standard deviation with the following transformations:
The technological diffusion rate is proportional to a comparison of cost distributions, equivalent to a binary logit model. In additional to quantifiable costs (e.g., capital cost, fuel tax), the model considers the non-quantifiable costs (γ) on consumer choices (e.g., comfort, luxury effect) by an arbitrary factor that is added to the quantifiable costs. γ is a parameter that represents all unknown constant non-pecuniary cost components (i.e., all costs and benefits not already explicitly included). This parameter has the unique value set that makes the diffusion rate continuous across the transition from historical data to simulated data at the start of the simulation (i.e., keeping the existing diffusion trends). To illustrate this, when γi = 0, we obtain a rate of diffusion that does not normally match historical diffusion (see Figure 1 ). This is because several factors such as comfort, luxurious effect and the availability of infrastructure cannot be readily quantified without a large-scale survey. Therefore, we find a set of γi leads to the diffusion of technology in the simulation to have the same rate as the historical rate at the starting point of the simulation (Figure 1) .
Although it does not provide significant information on the non-pecuniary benefits themselves, it is in this way a robust methodology. We perform an exercise that determines that sensitivity of our simulation results to the variation of γ (see the sensitivity analysis in Appendix C of this paper). 
Technology Learning
Endogenous technical change is assumed in the E3ME and FTT models, both at the aggregate level in and through learning by doing. The FTT: Transport model uses learning curves, and capital costs for vehicle technologies ( ( )) fall by a certain percentage (learning rate ) every time the total quantity manufactured ( ) doubles:
The learning rate is the cost reduction achieved for a doubling of cumulative installed capacity. For niche technologies, the existence of technological learning implies that prices for the new technologies (e.g., electric cars) will fall as the quantity of production increases. Note that the learning rates for niche technologies are subject to great uncertainty (see [20, 21] ) as a result of different methods of estimation. Additionally, for some technologies, specific learning curves and product ratios have been observed in the past, but the ratio may not be applicable for the future since learning rates may change over time [22] .
To account for the uncertainties regarding learning rates, a sensitivity analysis is presented in Appendix C, where we examine the extent to which the difference in learning rate creates uncertainties for the model. Further studies may consider using a stochastic model formulation, which can explicitly calculate the impact of learning rate uncertainties in a rigorous manner.
Energy Consumption and Emissions
The total service generated by a particular technology is equal to the product of transport demand in pkm and the transport capacity of the technology, defined as the number of seats in cars or public transport, thus we have:
where is the service generated by a transport technology, in pkm/year. The energy consumption equation is calculated from fuel consumption per km and the services the vehicles provide, considering the filling factor ,
where is the number of seats for cars (i.e., = 4 in most cases), J is energy consumption in MJ/year, , is the energy consumption factor in MJ/seat-km, calculated by a fuel economy 
Technology Learning
Endogenous technical change is assumed in the E3ME and FTT models, both at the aggregate level in and through learning by doing. The FTT: Transport model uses learning curves, and capital costs for vehicle technologies (I i (t)) fall by a certain percentage (learning rate b i ) every time the total quantity manufactured W i (t) doubles:
Energy Consumption and Emissions
where G i is the service generated by a transport technology, in pkm/year. The energy consumption equation is calculated from fuel consumption per km and the services the vehicles provide, considering the filling factor FF k ,
where N seats is the number of seats for cars (i.e., N seats = 4 in most cases), J is energy consumption in MJ/year, EG k,t is the energy consumption factor in MJ/seat-km, calculated by a fuel economy factor 2 multiplied by energy densities 3 for petrol/diesel/ethanol. CO 2 emissions from passenger vehicles are closely related to energy consumption. Emissions are defined as:
where E k,t is the fleet emissions in Gt/yr and CO 2k,t is the emissions factor.
Linkage between FTT: Transport and E3ME
The E3ME model is a non-equilibrium macro econometric simulation model based on a demand-led post-Keynesian structure [23] , which implies a non-equilibrium simulation framework. In the post-Keynesian world, models are simulations, and productivity change takes place through knowledge accumulation, using Kaldor's technology progress functions [24] (for more details see [23, 25] ). The model is demand-driven. Endogenous technical change is considered in the E3ME model with a progress indicator. With a chosen set of econometric relationships, the model regresses over a high dimensional dataset covering the past 40 years in 59 regions and extrapolates these relationships up to 2050 (see further details in the E3ME manual) (http://www.e3me.com).
In contrast to the computable general equilibrium (CGE) approach where optimal behavior is assumed, in the E3ME model, the determination of output follows post-Keynesian theory. More specifically, prices are not always adjusted to market clearing level like the CGEs. Hence, there could be spare capacity as a result of regulations and increased economic output.
The E3ME model has a strong empirical grounding, with a historical database that covers the period 1970-2014. The E3ME model uses a system of error correction which allows short-term dynamic outcomes, moving towards a long-term trend [26] . Energy demand is a function of economic activity rates, relative prices, and technology. The transport activity in the E3ME model is determined by fuel prices, car prices and income. Emissions are calculated using the transport demand linked to the technology diffusion model (the FTT model).
The FTT model is fully integrated to E3ME with several dynamical feedbacks to the global economic simulation. The combination of the E3ME-FTT transport model and the E3ME-FTT power model provides a relatively high definition of dynamical coverage of global fossil fuel use and emissions [23] .
The FTT framework captures path dependence and positive feedbacks. Here, it is assumed that agents may not be fully rational and only know a subset of information. Compared to the traditional models, the E3ME-FTT framework models technological transition incorporating complexity, path dependence and consumer heterogeneity, with low computational cost.
The dynamic interactions between the FTT model and the E3ME model are shown in Figure 2 . Purchase decisions are affected by four components, including consumer preference, government policies, market environment, and the car model's availability. Each of the components leads to a dynamic change of market share using the Future Technology Transformation (FTT) framework. The Transport demand is calculated within the E3ME model by regressing total vehicle use (in km/year) with respect to fuel prices and income, and these are projected to 2050, using fuel prices and income endogenously determined by E3ME. The number of cars is regressed against income and average vehicle prices, constrained by population. In the following sections, we describe the components within the FTT model, as well as the dynamics and interactions between components. 
Policy Assumptions
We have assessed four decarbonization scenarios that combine taxes, kick-start programs and biofuel mandates. The definition of the policy incentives is listed in Table 5 . The policy assumptions are based on the current and proposed policy incentives as discussed in Section 2. The policy assumptions are presented in detail in Appendix B. 
Government-financed purchases
The assumptions for the scenario analysis are presented in Appendix B. The baseline scenario makes projections based on the current policy framework. It is the benchmark scenario against which the other scenarios are compared. Scenario 1 assumes that all tax incentives are combined with a small kick-start program. The levels of tax incentives that we assumed in Scenario 1 are the average tax values taken from each of the four East Asian countries. It should be noted that we have included the cost of license plate registration as part of the vehicle tax. The kick-start program in Scenario 1 is assumed to be 5% higher than the number of EVs on the road by 2018 in China.
Scenario 2 assumes that tax incentives are combined with regulations and the kick-start program. We assume that the acquisition tax is increased by 3000 USD. The levels of regulations are set according to the expected fuel economy standards as shown in Table 1 . We assume that the kickstart program is much stronger than it is in Scenario 1.
Scenario 3 assumes that regulations, the kick-start program and the biofuel mandate program are added on top of the taxes. The biofuel mandate is set based on IEA WEO 2014 assumptions. The scenario explores the effectiveness of the policy incentives in cutting emissions from private 
Policy Assumptions
Government-financed purchases
Scenario 2 assumes that tax incentives are combined with regulations and the kick-start program. We assume that the acquisition tax is increased by 3000 USD. The levels of regulations are set according to the expected fuel economy standards as shown in Table 1 . We assume that the kick-start program is much stronger than it is in Scenario 1.
Scenario 3 assumes that regulations, the kick-start program and the biofuel mandate program are added on top of the taxes. The biofuel mandate is set based on IEA WEO 2014 assumptions. The scenario explores the effectiveness of the policy incentives in cutting emissions from private passenger vehicles and demonstrates the extent to which layers of fiscal policy measures and kick-start program will lead to a significant emissions reduction.
It is noted that the tax incentive assumptions and subsidies are higher than the level of existing policy incentives in East Asian countries. A kick-start program is assumed in every scenario to take into account current non-monetary programs (e.g., EV car sharing, EV license plate auctions) that have been introduced at national level to encourage EV diffusion.
Data Overview
We collected car sales data (for each model) from the Marklines data, which is then matched with car price data and car engine size data, taken from the car manufacturers' websites (in 2012). Figures 3 and 4 show the 2012 emissions distribution and car prices distribution for China, Japan, Korea and Taiwan. Sales of alternative technologies, hybrid and electric cars, are shown in pink and red, respectively.
The distributions show the diversity of consumers in car choices for each country. It is notable that the price distribution in China is much wider than in Japan, Korea and Taiwan. In particular, the price and emissions distributions are much narrower for Korea and Taiwan. This implies that consumer choices are more diverse in China, with most people showing preference for the small/medium-size vehicles. Regarding emissions distribution, due to consumer choices of car sizes and fuel efficiency, average emissions are lower in China and Japan, with the standard distribution of emissions much larger in China than in Japan. passenger vehicles and demonstrates the extent to which layers of fiscal policy measures and kickstart program will lead to a significant emissions reduction. It is noted that the tax incentive assumptions and subsidies are higher than the level of existing policy incentives in East Asian countries. A kick-start program is assumed in every scenario to take into account current non-monetary programs (e.g., EV car sharing, EV license plate auctions) that have been introduced at national level to encourage EV diffusion.
The distributions show the diversity of consumers in car choices for each country. It is notable that the price distribution in China is much wider than in Japan, Korea and Taiwan. In particular, the price and emissions distributions are much narrower for Korea and Taiwan. This implies that consumer choices are more diverse in China, with most people showing preference for the small/medium-size vehicles. Regarding emissions distribution, due to consumer choices of car sizes and fuel efficiency, average emissions are lower in China and Japan, with the standard distribution of emissions much larger in China than in Japan. 
Results
China
In the baseline scenario, we find that the fleet share for EVs increases very slowly, reaching below 10% of the fleet share in 2050 ( Figure 5) .
In scenario 1, we assume that the excise duty is increased by 1200 USD per vehicle, the annual registration tax is increased by 300 USD, and the fuel tax is increased by 1.2 USD/L. We assume that the subsidy for EVs is increased by up to 9000 USD. There is a kick-start program of 0.3%, meaning that there will be 600,000 EVs on road by 2020. As shown in Figure 5 , even with these incentives to encourage EV diffusion, the fleet share for EV only increases to around 30% in 2050.
To cut emissions significantly and to encourage the diffusion of EV, we have to impose both tax incentives, regulations and a stronger kick-start program to facilitate the diffusion of zero-emission vehicles. In Scenario 2, we assume that there are an additional 2,000,000 EVs on the road by 2020, as a result of various kick-start programs (e.g., car sharing programs, license plate auctions, public EV mandates). A fuel economy standard is imposed so that old gasoline car models (car models before 2012) are phased out. Scenario 3 (column 3) shows the passenger cars emissions as a result of the fuel economy regulations and the phase out policies. The shares for EVs reach over 70% by 2050 and emissions peak around 2030, before falling to the 2005 level by 2050 ( Figure 5 ). 
Results
China
To cut emissions significantly and to encourage the diffusion of EV, we have to impose both tax incentives, regulations and a stronger kick-start program to facilitate the diffusion of zero-emission vehicles. In Scenario 2, we assume that there are an additional 2,000,000 EVs on the road by 2020, as a result of various kick-start programs (e.g., car sharing programs, license plate auctions, public EV mandates). A fuel economy standard is imposed so that old gasoline car models (car models before 2012) are phased out. 
Japan
We find that in the baseline scenario passenger car emissions in Japan fall by more than 40% below the 2005 emissions level, without any additional policy incentives, due to the diffusion of hybrid cars in Japan ( Figure 5) .
As a result of various vehicle taxes and a small kick-start program that adds 180,000 EVs (0.3% of the Japanese fleet) by 2020, passenger car emissions fall by 50% below the 2005 emissions level by 2050. In scenario 1 (column 2), we assume that the automobile acquisition tax for gasoline cars increases by up to 1200 USD for luxury vehicles and the fuel tax by up to 1.2 USD/L. The EV rebate is increased by around 9000 USD per vehicle (for up to eight years). As a result of the tax incentives and EV subsidies, the shares for EVs reach 30% in Japan by 2050.
To cut passenger car emissions further (by more than 50% below 2005), we assume that compared to the base year (2012), there are 900,000 EVs on the road by 2020 as a result of various kick-start programs (e.g., increasing the number of charging stations, EV car sharing). We assume that the previous gasoline car models will be phased out as a result of the top runner program. The fleet share for EVs increases by a further ten percentage points by 2050, reaching 40% fleet share. Emissions are reduced by nearly 80% below the 2005 level in scenario 2. In scenario 3, when a biofuel mandate is introduced in addition to the tax incentives, fuel economy standards, and a kick-start program, emissions fall by nearly 90% below 2005 levels ( Figure 6 ). 
Korea
In the baseline scenario, luxury diesel cars and gasoline cars have a large market share before the year 2030 (Figure 3 ). After 2030, luxury hybrid cars start to take off, and reach more than 60% market share by 2050. However, the penetration of hybrid cars is not sufficient to cut emissions in South Korea, as shown in Figure 4 . Emissions continue to increase in the baseline scenario, as a result of a rapid rise in vehicle numbers in Korea (Figure 6) .
In scenario 1, we assume that there is an increase in the fuel tax of 1.2 USD/L and that there is an increase in gasoline car taxation by up to 1200 USD for petrol cars. We assume that there is an additional subsidy that supports EVs, amounting to USD 9000 for luxury EVs. We assume that there is a kick-start program that adds 126,000 EVs on the road by 2020. As a result of the policy incentives, the shares for EVs increase to around 40% of the market by 2050 in scenario 1. Emissions are reduced by more 50% below the 2005 level.
To increase the rate of diffusion of EVs in South Korea, we assume that the numbers for EVs increase by 190,000 on the road by 2020 as a result of a kick-start program. As shown in Figure 3 , the shares for EVs reach over 50% by 2050. As a result, emissions fall by 80% below the 2005 level ( Figure  6 ). To cut emissions further, we assume that the biofuel mandate continues to increase in Korea, reaching 22% by the year 2050. With the biofuel mandate in place, in scenario 4, emissions fall by 90% below the 2005 level ( Figure 6 ). . Private passenger vehicles emissions (MtCO 2 /yr) for the four East Asian countries under four policy scenarios. Note: Column 1 shows the baseline scenario. Column 2 shows the scenario when vehicle tax, registration tax, fuel tax, a small kick start and carbon tax are imposed. Column 3 shows the scenario when tax incentives are combined with fuel economy regulations and a stronger kick-start program. Column 4 shows the scenario when tax incentives, regulations and a kick-start program is combined with a biofuel mandate.
To increase the rate of diffusion of EVs in South Korea, we assume that the numbers for EVs increase by 190,000 on the road by 2020 as a result of a kick-start program. As shown in Figure 3 , the shares for EVs reach over 50% by 2050. As a result, emissions fall by 80% below the 2005 level ( Figure 6 ). To cut emissions further, we assume that the biofuel mandate continues to increase in Korea, reaching 22% by the year 2050. With the biofuel mandate in place, in scenario 4, emissions fall by 90% below the 2005 level ( Figure 6 ).
Taiwan
Unlike the other countries (e.g., Japan and Korea), the baseline shares for hybrid cars and EVs remain very small in Taiwan. The small shares in new energy technologies result in a very small fall in passenger vehicle emissions and energy consumptions in the baseline scenario.
When various tax incentives are added (as shown in Table A8 scenario 1) and the presence of a kick-start program (that places 20,000 EVs on the road by 2020), we observe that emissions fall slightly, by around 25% below the 2005 level. To cut emissions by 60% below the 2005 level, it is necessary to introduce more zero-emission vehicles and a biofuel mandate in Taiwan. In scenario 2, we assume that there would be a 1.5% EV share in 2020, meaning that there would be an additional 100,000 EVs in Taiwan. To cut emissions further in Taiwan, in scenario 3, we assume that the biofuel mandate rises to 20% by 2050.
Policy Implications and Conclusions
The decarbonization of the private passenger vehicles sector plays an important role in increasing our chance of staying within the 2 • C target set by the Paris Agreement. In this paper we assessed four scenarios that examine the interactive effect of transportation policy incentives on emissions reduction in private passenger vehicles in four East Asian countries. For all the countries, we find that an integrated approach of tax incentives, subsidies, regulations (fuel economy efficiency), kick-start programs and a biofuel mandate yield the most significant emission reductions, by allowing the diffusion of EVs. Other than taxes on conventional cars and subsidies for EVs, it is important to introduce non-monetary measures, so as to increase the rate of diffusion for zero emissions vehicles in the region.
We find that in the case of China, in the baseline scenario, EVs do not gain significant shares by 2050 without any policy incentives. However, an integrated approach (combining tax incentives, subsidies and kick start programs) will lead to more than 80% EV share in China by 2050. In reality, in addition to EV subsidies and taxes on gasoline cars, some kick-start programs have been introduced to increase the rate of EV diffusion in China.
For Japan, it is possible to achieve over 40% emission reductions without any policy incentives. Emissions from passenger vehicles can be reduced by over 50% with a higher acquisition tax and a higher EV rebate. With 900,000 EVs on the road (compared to the 2012 level), it is possible to achieve over 90% emissions reduction below the 2005 levels.
Similarly, for Korea we find that the tax incentives are not sufficient to cut emissions significantly. The diffusion of hybrid cars in South Korea will not lead to a significant emissions reductions, because of an increase in the car population. To cut emissions by more than 50% below the 2005 level, it is important to encourage the diffusion of EVs in South Korea by a kick-start program that increases the number of EVs by around 190,000 on the road (compared to the 2012 level) by 2020. Further emission reductions can be achieved with the introduction of a small biofuel mandate (around 20%).
In the case of Taiwan, without a kick-start program and fuel economy regulation, emissions from passenger cars will not be cut significantly. Due to the existing small number of EVs and hybrid cars in Taiwan, compared to other Asian countries, from the scenario analysis we find that the diffusion of new energy technology is slower. In order to increase the rate of diffusion of new energy technologies in Taiwan, it is necessary to introduce the EV kick-start program that increases the number of EVs in Taiwan.
A major barrier to introducing taxes, regulations and the kick-start program is the cost of the policies to the government, the car manufacturers and car owners. The true cost/benefit of policy incentives is difficult to estimate, given that the disruptive impact of new energy vehicles on the economy and on the car manufacturers is unclear. For example, while the introduction of new energy vehicles could potentially create new employment, some car manufactures may be unable to compete in the market. It is important for further research to investigate the economic impact of policy incentives that encourage the diffusion of new energy technologies.
Limitations and Recommendations
Like all modelling studies, we recognize there are limitations to our approach in modelling future technological change and emissions from cars. This section identifies the main limitations encountered and how improvements can be made in future studies:
(1) In this research, we have identified the available technologies, although new technologies will emerge in the future. However, it is impossible for this model to predict technologies that have not penetrated into the market, for example, fuel cell vehicles. In addition, there are several parametric uncertainties for the E3ME-FTT-Tranpsort model. We take into consideration the possible consequences of these assumptions and perform a sensitivity analysis to determine the effects of the potential changes to the learning rate, the γ i values, the discount rate and fuel prices on the final results. The sensitivity analysis provides insight into the effects of uncertainties on our projections.
As shown in Appendix C, we allow the parameters to vary by between 5% and 20%. The effect of the parametric uncertainties on the market shares and emissions projections depends on the scenario assumptions and the technology mix in a country. For example, the effect of the technology learning rate is more prominent as the shares for EVs increase. We observe that certain parameters, such as fuel prices and discount rates, may have a larger effect on shares and emissions than other parameters, such as EV learning rates. This is because while learning rates only impact on total emissions through variations in EV shares, a rise or fall in oil prices affect vehicle choices dynamically. We find that the uncertainties in γ i values have an overall small impact on the final results. Overall, the changes in market shares and emissions as a result of the variations in parameters are within 20%. Tables A1-A4 show the values of the parameters assumed in the model for China, Japan, Korea and Taiwan respectively. Car prices, engine sizes and fuel economy data for each car model listed in data from the company Marklines (We have purchased the annual car sales data from the Marklines website in the year 2013 and 2014, which is an automotive industry portal that provides of motor vehicles market data. Marklines provides for the total car sales by car model and brand for 63 countries from 2004 onwards. Hence, it is possible to know the sales for each car model name for individual countries. https://www.marklines.com/en/vehicle_sales/index). Price data and fleet populations were are collected from various sources, including car manufacturers, car sales websites, car industry market reports and government institutions, matched to the car models listed in the Marklines data. Note that the prices obtained are the listed price in the year 2013 when the data were collected. Car fuel economy data were collected from the manufacturers' websites when available. In many cases, some car models had several car prices and fuel economy values, depending on vehicle options for particular car models. We took the average value for prices and engine sizes, unless it was known to us that a particular vehicle option/alternative was more popular than the others. To ensure the reliability of the data outside the manufacturer's website, we checked the prices, engine sizes and fuel economy data from these car sales, research websites and government institutions against the data obtained from the manufacturers.
Appendix A. Initial Parameters
Learning rate and the discount rates are subject to a certain degree of uncertainty. To account for the uncertainties regarding learning rates, a sensitivity analysis is presented in the Appendix C where we examine the extent to which the difference in learning rate and discount rate creates uncertainties for the model. 
